Blue shift of Tm3+ upconversion owing to Nd3+ in yttrium oxide powders pumped by pulsed red laser  by Rakov, Nikifor & Maciel, Glauco S.
Chemical Physics Letters 503 (2011) 124–128Contents lists available at ScienceDirect
Chemical Physics Letters
journal homepage: www.elsevier .com/locate /cplet tBlue shift of Tm3+ upconversion owing to Nd3+ in yttrium oxide powders pumped
by pulsed red laser
Nikifor Rakov a, Glauco S. Maciel b,⇑
a PG – Ciência dos Materiais, Universidade Federal do Vale do São Francisco, 48902-300 Juazeiro, BA, Brazil
b Instituto de Física, Universidade Federal Fluminense, 24210-346 Niterói, RJ, Brazil
a r t i c l e i n f o a b s t r a c tArticle history:
Received 12 August 2010
In ﬁnal form 27 December 2010
Available online 31 December 20100009-2614  2010 Elsevier B.V.
doi:10.1016/j.cplett.2010.12.080
⇑ Corresponding author.
E-mail address: glauco@if.uff.br (G.S. Maciel).
Open access under the ElTm3+:Y2O3 powder prepared by combustion synthesis exhibits blue emission centered at k  450 nm, cor-
responding to 1D2? 3F4 transition of Tm3+, when the sample is irradiated by a pulsed (5 ns, 10 Hz) red
laser operating at k  690 nm. The blue emission band shifts to k  480 nm, corresponding to
1G4? 3H6 transition of Tm3+, when Nd3+ is added to the sample. When the laser is tuned to k  680 nm,
the blue shift effect is not observed. The shifting effect is explained based on single shot laser excitation
and energy transfer mechanisms involving Tm3+ and Nd3+ ions.
 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Solid state systems that emit blue light have attracted a great
deal of interest in the last years due to their potential use in pho-
tonic devices. For example, organic molecules have been tested for
light emitting diodes and inorganic nanoparticles as biological la-
bels and sensors [1–5]. Among others, rare-earth (RE) doped mate-
rials have been extensively investigated due to their advantageous
properties such as chemical stability, long lifetimes of excited elec-
tronic states (ranging from micro to tens of milliseconds) and nar-
row emission bands (ranging from the ultraviolet to the near-
infrared) [6]. The emission in these materials originates basically
from forced electric dipole transitions inside 4f shell of RE trivalent
ions [6] and the generation of blue light is generally achieved by a
successive absorption of lower energy photons, a process known as
upconversion (UC). The blue UC emission of trivalent thulium
(Tm3+) is accomplished by populating states 1G4 (21,000 cm1)
and 1D2 (28,000 cm1) and the most common transitions are
peaked at 450 nm (1D2? 3F4) and 480 nm (1G4? 3H6). The
blue UC emission efﬁciency has been improved by engineering
host materials with low energy cut-off optical phonons and by con-
trolling the energy transfer (ET) mechanisms between RE elements.
For example, it has been demonstrated that blue UC emission is
achieved when lasers emitting at 980 nm are used as excitation
sources. In this case, trivalent ytterbium (Yb3+) is generally used
as a near-infrared sensitizer due to its large absorption cross sec-
tion at 10,000 cm1. The excited Yb3+ ions, which act as optical
reservoirs, eventually transfer energy to a nearby Tm3+ ion produc-sevier OA license.ing strong blue UC emission [7–10]. Trivalent neodymium (Nd3+) is
another near-infrared sensitizer for excitation wavelengths around
800 nm. For example, it has been reported an enhancement of the
blue UC emission of Tm3+ by orders of magnitude when Nd3+ is
added in aluminum oxide crystalline powders doped with Tm3+
[11] and the performance of a blue UC laser based on Tm3+ doped
yttrium aluminum oxide garnet has been optimized by incorporat-
ing Nd3+ [12]. It is also possible to induce blue UC emission from
Tm3+ by use of red laser light around 650 nm [13]. It was shown
that it was possible to control the relative intensities of the emis-
sion lines 1D2? 3F4 and 1G4? 3H6 by changing the excitation
wavelength of a continuous wave (cw) red laser [14]. Here, we
study the red-to-blue UC emission proﬁle of Tm3+ using pulsed
excitation. In this case, the emission proﬁle does not change with
the excitation wavelength but it is dramatically inﬂuenced by the
presence of Nd3+ ions. For this study, as we move towards minia-
turization, we chose nanostructured yttrium oxide (Y2O3) as it
has superior chemical durability, thermal stability and low optical
phonon energy (600 cm1 [15]). Besides, UC has been reported in
Tm3+:Y2O3 nanoparticles prepared by different synthesis methods
[13,16–19]. We chose combustion synthesis (CS) [20] because it
is a cheap, fast and easy way to prepare nanocrystalline oxide
powders.2. Experimental section
CS makes use of low temperature open furnaces to produce
nanocrystalline oxide powders and the preparation steps are sum-
marized as follows. Yttrium nitrate Y(NO3)36H2O (99.9%, Aldrich),
thulium nitrate Tm(NO3)35H2O (99.999%, Aldrich), and neodym-
ium nitrate Nd(NO3)35H2O, (99.9%, Aldrich) were used as starting
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igure 2. Blue luminescence spectra of Tm3+:Y2O3 and Tm3+:Nd3+:Y2O3 powders
xcited by a pulsed (5 ns, 10 Hz) laser tuned to 690 nm (energy per pulse: 5 mJ).
or interpretation of the references to color in this ﬁgure legend, the reader is
eferred to the web version of this paper.)
N. Rakov, G.S. Maciel / Chemical Physics Letters 503 (2011) 124–128 125materials. The nitrates were ﬁrst mixed in a proper molar ratio and
then dissolved in deionized water with urea (CH4N2O). Urea was
used as the fuel. The mixed solution was kept under constant stir-
ring, at room temperature, until a transparent viscous gel was
formed. Then, the resultant gel precursor was placed in a pre-
heated furnace (500 C). After thermal equilibrium was reached,
the gel self-ignited resulting in a white voluminous powder. The
samples were prepared with the following estimated as-prepared
weight (wt.)% concentrations of Tm3+:Nd3+: 1:0, 0:1, 1:1, 1:2. Final-
ly, the as-prepared powders were ﬁred at 1200 C for 2 h in an air
atmosphere with a heating rate of 200 C/h. The powders were
afterward milled and pressed for luminescence measurements.
Optical absorption measurements of the samples were per-
formed at room temperature on a spectrophotometer (Varian Cary
5). Luminescence spectral recording and lifetime measurements
were performed using a Nd:YAG Q-Switched pumped tunable
OPO laser system (Opotek Vibrant 355 II) delivering pulses of
5 ns duration at 10 Hz repetition rate. The laser was focused on
the sample surface by a 5 cm focal length lens and the lumines-
cence emission was collected in a reﬂection mode, in a direction
close to normal to the incident excitation beam. The emission
was collected by a ﬁber probe connected to a spectrograph (Horiba
Micro-HR) attached to a photomultiplier tube (Hamamatsu R928)
and a fast digital oscilloscope (Tektronix TDS-2000B). The peak of
the luminescence decay signal averaged over 50 laser shots was re-
corded using the computer controlled Tektronix-LabVIEW Signal
Express software data/analyzer system. The spectra were analyzed
by Origin 8.0 software. All the experiments were performed at
room temperature.3. Results and discussions
The crystalline structure of the powders was investigated by X-
ray powder diffraction (XRPD) measurements and the characteris-
tic cubic structure of Y2O3 phase was obtained (not shown). The
well-established Scherrer equation was used to estimate the aver-
age crystallite size from the XRPD data and the value found was
70 nm.
Figure 1 shows the absorption spectra of our Tm3+:Y2O3 and
Nd3+:Y2O3 powders. The absorption bands are characteristic of
Tm3+ and Nd3+ 4f–4f ground state to excited state multiplet mani-
fold transitions [16,21,22]. The bands of interest for absorption of
red photons are 4F9/2 of Nd3+ and the pair 3F2, 3F3 of Tm3+.400 500 600 700 800 900 1000
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Figure 1. Optical absorption spectra of RE doped Y2O3 powders prepared by
combustion synthesis.F
e
(F
rFigure 2 shows the UC emission proﬁle of Tm3+:Y2O3 and
Tm3+:Nd3+:Y2O3 powders under excitation at 690 nm (UC lumines-
cence was not detected in the Nd3+:Y2O3 powder). As can be
observed, the emission proﬁle is concentration dependent. The
emission proﬁle of Tm3+:Y2O3 shows clearly the 1D2? 3F4 transi-
tion (centered at 450 nm) while the 1G4? 3H6 transition
(centered at 480 nm) is barely detectable. When the Tm3+:
Nd3+:Y2O3 samples are exposed to the same excitation wavelength,
the emission spectra are remarkably different. There is a switch of
intensities between the two main blue UC emission lines from
Tm3+, the 1G4? 3H6 transition being the dominant emission line
while the 1D2? 3F4 transition is considerably quenched. Figure 3
shows the emission proﬁle of two of the samples presented in Fig-
ure 2 when the excitation laser is tuned to 680 nm. Surprisingly,
the switching effect is not observed even though a band of small
intensity can be observed around 480 nm. Thus, the results pre-
sented in Figures 2 and 3 suggest that the switching effect depends
on both, the presence of Nd3+ ions and the excitation wavelength.
The dynamics of the blue UC emission peaked at 450 nm was
measured for both samples when the excitation laser was tuned to380 400 420 440 460 480 500 520
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Figure 3. Blue luminescence spectra of (a) Tm3+:Y2O3 and (b) Tm3+:Nd3+:Y2O3
(1:2 wt.%) powders excited by a pulsed (5 ns, 10 Hz) laser tuned to 680 nm (energy
per pulse: 8 mJ). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this paper.)
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Figure 4. (a) Temporal evolution of blue luminescence signal peaked at 450 nm for
Tm3+:Y2O3 and Tm3+:Nd3+:Y2O3 (1:2 wt.%) powders excited by a pulsed (5 ns,
10 Hz) laser tuned to 680 nm. The straight lines are single-exponential decay best
ﬁts. (b) Fitting of the experimental data shown in Figure 4 (a) for Tm3+:Nd3+:Y2O3
powder using the Inokuti–Hirayama model.
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Figure 5. Scheme showing the relevant energy levels of Tm3+ and Nd3+ in Y2O3 and
excitation pathways involved in the red-to-blue upconversion produced by pulsed
laser excitation. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this paper.)
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decay time is shorter in the co-doped sample. The decay times
were estimated by ﬁtting a single-exponential decay curve and
the values found were 7.7 and 3.0 ls for Tm3+:Y2O3 doped and
Tm3+:Nd3+:Y2O3 (1:2 wt.%) co-doped sample, respectively. This is
an indication of ET mechanisms as the luminescence lifetime s
may be written as s = (AR + ANR +WET)1, where AR is the radiative
and ANR is the nonradiative relaxation rates. The only term in s that
changes with RE concentration is the ET rate (WET) which is
strongly dependent on the distance between the donor and accep-
tor ions [6]. As the concentration of Tm3+ is the same in both sam-
ples shown in Figure 4a, the ET process must originate from
interactions between Tm3+ and Nd3+ ions instead of being due to
pairs of Tm3+. The electric-multipolar character of the ET phenom-
enon was investigated by use of the Inokuti–Hirayama model [23].
In this model, assuming that slow energy migration between do-
nors can be neglected, the time evolution of the donor emission
intensity is given by:
IðtÞ ¼ I0 exp ts0  PðtÞ
 
; ð1Þ
where I(t) is the emission intensity at a time t after pulsed excita-
tion, I0 is the intensity of the emission at t = 0 (immediately after
excitation), s0 is the intrinsic donor lifetime, andPðtÞ ¼ C 1 3
s
 
c
c0
t
s0
 3=s
; ð2Þ
where C(1–3/s) is the Euler gamma function, c is the acceptor con-
centration, c0 is the critical concentration deﬁned as c10 ¼ ð4p=3ÞR30
with R0 being the critical donor–acceptor distance, and s is the mul-
tipolar interaction parameter (s = 6 for dipole–dipole, 8 for dipole–
quadrupole, and 10 for quadrupole–quadrupole interactions). We
can manipulate (1) and (2) to obtain:
PðtÞ ¼  t
s0
 ln IðtÞ
I0
 
¼ c  t3=s ð3Þ
The data shown in Figure 4a corresponding to the co-doped
sample can be used in (3) and plotted in a log–log scale, as shown
in Figure 4b. Fitting (3) with the experimental data yielded s = 6.38,
which is very close to the value corresponding to ET mediated by a
dipole–dipole interaction.
The proposed excitation pathways and ET mechanisms are
shown in Figure 5 (the energy levels scheme is based on the data
shown in Figure 1 and Ref. [21]) and are discussed as follows. First,
Tm3+ is excited to level 3F2 or 3F3 by 680 or 690 nm photons, as
indicated by the upward solid arrow in Figure 5. Then, a second
photon is absorbed, inducing population accumulation at level
1D2. A third photon could be absorbed after nonradiative decay
from level 3F3 to levels 3H4, 3H5 and 3F4 inducing the transition
3F4? 1G4 but this channel is not active in our case because the
excitation source has a short duration (5 ns) compared to the mul-
tiphonon nonradiative decay rate channels that takes population
from level 3F3 to level 3F4. The lifetime of intermediate level 3H4,
for example, was estimated by measuring the decay time of the
luminescence at 830 nm (3H4? 3H6) and it is of order of 50 ls,
which is much longer than the pulse duration. The lifetime of level
3F4 is of order of 3 ms [24], much shorter than the laser repetition
rate (100 ms interval between each pulse) which guarantees a sin-
gle-shot excitation experiment. So, after population reaches state
1D2, it may decay radiatively to level 3F4, producing UC lumines-
cence at 450 nm (downward solid arrow in Figure 5). Apparently,
the nonradiative decay channel from state 1D2 is not efﬁcient en-
ough to populate state 1G4 and produce luminescence as shown
in Figures 2, 3 and 5. Nevertheless, we observed luminescence from
level 1G4 when the sample also contains Nd3+ ions, as demon-
strated in Figure 2.
As discussed earlier in the text, the data shown in Figure 4 cor-
roborate the idea of the presence of ET mechanisms between Tm3+
N. Rakov, G.S. Maciel / Chemical Physics Letters 503 (2011) 124–128 127and Nd3+ ions. The ET mechanism depends strongly on the inter-
ionic distance R between the donor and the acceptor (R6 for a
dipole–dipole interaction [6]) and on the populations N of the in-
volved loaded levels of the donor (D) and acceptor (A) ions as
NAND. In our case, ND is the population at level 1D2 and NA is
the population of a given Nd3+ 4f state. We must discard ET
channels involving Nd3+ ions in the ground state 4I9/2, as these
channels would populate level 1G4 regardless of the excitation
wavelength used. The results shown in Figures 2 and 3 demon-
strate the opposite, i.e., the importance of the choice of the excita-
tion wavelength. Nd3+ can readily interact with photons from the
red laser source promoting population to level 4F9/2, as shown in
Figure 5. In this case, a possible ET mechanism would be the one
shown in Figure 5 as the dotted arrows representing relaxation
of Tm3+ from state 1D2 to state 1G4 while simultaneously promot-
ing population from state 4F9/2 to states 4G11/2, 2G9/2, 2K15/2 and
2D3/2 of Nd3+. Additional Nd3+ transitions are possible if one consid-
ers fast nonradiative decay from level 4F9/2 (see Figure 5), but they
need to occur in a time frame shorter than the 1D2 lifetime (a few
microseconds, as discussed earlier in the text). Now it is possible to
understand the dependence with the excitation wavelength if we
associate NA to the population of level 4F9/2 and therefore more
population is loaded at this level as the laser wavelength ap-
proaches the resonance of transition 4I9/2? 4F9/2. We must con-
clude that when the excitation wavelength is tuned to 690 nm,
the population loading at level 4F9/2 must be so efﬁcient that the
ET mechanism is strong enough to deplete population at level
1D2 and as a consequence produce luminescence from a now highly
populated level 1G4. Figure 1 shows that the 4I9/2? 4F9/2 absorp-
tion band in Nd3+:Y2O3 is peaked at 691 nm, corroborating our
assumption of resonance excitation at 690 nm. When the excita-
tion wavelength is tuned to 680 nm, the ET channel is still opened,
as demonstrated by Figures 3 and 4, but it is not as remarkable as
the results obtained when the excitation wavelength is tuned to
690 nm basically because of the non-resonance nature of the
Nd3+ pumping scheme at 680 nm. Tm3+, on the other hand, absorbs
photons of both wavelengths because 3F2 band is peaked at 683 nm
and extends along with 3F3 band to 750 nm (see Figure 1).
It is important to point out that Nd3+ also has energy levels
around 28,000 cm1 (band 4D3/2 + 4D5/2 + 2I11/2 + 4D1/2) [22]. In this
case, it is reasonable to speculate about a second 690 nm photon
being absorbed by Nd3+ and leading to other ET channels between
Nd3+ and Tm3+. Figure 6 shows the luminescence data of three300 400 500 600 700 800 900 1000 1100
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Figure 6. Luminescence spectra of Tm3+:Y2O3, Nd3+:Y2O3 and Tm3+:Nd3+:Y2O3
powders excited by a pulsed (5 ns, 10 Hz) laser tuned to 355 nm (energy per pulse:
15 mJ).of the samples studied under direct excitation at 355 nm
(28,170 cm1) using the same pumping regime (5 ns, 10 Hz).
Note that Nd3+ indeed absorbs at this particular wavelength but
the co-doped sample does not show the blue shift effect. Therefore,
the participation of such high lying energy levels in the blue shift
effect is discarded.
Another possible ET channel involves the cross-relaxation 4F3/2
(Nd3+) + 3H5 (Tm3+)? 4I9/2 (Nd3+) + 1G4 (Tm3+). In this case, after
nonradiative decay from levels 4F9/2 and 3F3 to levels 4F3/2 and
3H5, respectively, ET takes Tm3+ to 1G4 state and brings Nd3+ back
to the ground state. We believe that this channel does not partici-
pate, at least under pulsed excitation, as the laser induces the di-
rect two-step Tm3+ transition 3H6? 3F3? 1D2 (within 5 ns, the
pulse duration). Besides that, this ET channel shall be reﬂected in
the dynamics of the luminescence at 480 nm (1G4 of Tm3+), more
speciﬁcally in its risetime (upload of population). The risetime of
480 nm luminescence was measured as of order of 1 ls while the
lifetime of 4F3/2 measured at 890 nm (4F3/2? 4I9/2) was at least
one order of magnitude longer. Therefore, the participation of level
4F3/2 was considered unimportant.4. Conclusions
In conclusion, blue UC emission at 450 nm is observed in
Tm3+:Y2O3 powders under pulsed red laser excitation. The blue
UC emission is due to radiative relaxation of electronic population
from 4f level 1D2 of Tm3+ ions. The process of co-doping the sample
with Nd3+ ions triggers the quenching of luminescence from 1D2
level via an energy transfer mechanism that supplies population
at 4f level 1G4 of Tm3+ and produces blue UC emission at
480 nm. The efﬁciency of the blue shift process depends on the
concentration of Nd3+ ions and on the resonance between the red
laser photon energy and the 4f absorption line 4I9/2? 4F9/2 of
Nd3+. Concerning the energy transfer pathway, it may involve a
high density of states in the region of 4F9/2 level of Nd3+ and there-
fore a more detailed investigation by means of transient experi-
ments (time-gated and delay controlled) on the UC emission
spectra could be a natural extension of this work.Acknowledgements
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